Bundle sheath and mesophyll chloroplasts from Zea mays showed comparable rates of 02 evolution, which amounted to about half of the rate observed in spinach ( Spinacia oleracea) chloroplasts.
PSII activities as measured by the reduction of DPIP3 or FeCN have been reported (1, 26) . In bundle sheath cells of Digitaria, relatively high rates of 02 evolution have been observed with benzoquinone as the electron acceptor (23) .
On the basis of its higher P700 content (3, 23) or saturation intensity (27) , it has been suggested that the photosynthetic unit is smaller in bundle sheath than in mesophyll cells.
In this paper, we report comparative observations made with chloroplasts prepared from spinach, and bundle sheath and mesophyll tissue of corn. We have attempted to obtain high rates of 02 evolution with bundle sheath chloroplasts; to compare the size of the light-harvesting pigment unit in the two photosystems of the three materials; and to estimate the relative abundance of the PSI and PSII traps in these tissues.
MATERIALS AND METHODS
Plant Culture. Corn seeds (Zea mays var. Stowell's Evergreen or Country Gentlemen) were soaked in water overnight and grown in Vermiculite in a greenhouse. A constant cycle of 15-hr light and 9-hr dark was maintained by supplementing the sunlight with 150-w internal reflector lamps. The seedlings were watered with tap water every 2 or 3 days. Leaves of chloroplast preparation were picked from 10-to 14-day-old seedlings.
Preparation of Chloroplasts. Spinach chloroplasts were prepared in the usual manner from greenhouse-grown or store-bought material (26) . For the isolation of mesophyll and bundle sheath chloroplasts from corn, we used the differential grinding method described in (3) , modified in several respects. The grinding medium contained 0.4 M sucrose, 10 mm NaCl, 50 mm Tris (pH 7.4) (our standard isolation medium for spinach chloroplasts) to which were added 10 mm sodium ascorbate, 1 mM MgCl2, and 0.5% BSA. In those cases where the PSII Mn2+ content was going to be determined, 1 mm EDTA was added in order to complex any pools of loosely bound Mn2+ (12) . For our procedure, 15 g of leaves, cut into 1-to 2-mm strips, were added to 100 ml of the above prechilled isolation medium. Mesophyli chloroplasts and bundle sheath strands were obtained using the blending (10 sec and 2 min) and centrifugation procedure of (2) . By microscopic examination, we checked that the bundle sheath strands were devoid of mesophyli cells.
A main challenge was the preparation of active and intact chloroplasts from the tough bundle sheath strands. Grinding with sand or glass beads (or a TenBroeck homogenizer), followed by high speed centrifugation, yielded mainly small fragments which showed high Chl a/b ratios, but rather low 02 evolution rates. Best razor blades (2) . We used an electromechanical vibrator to drive a set of five razor blades mounted in parallel. The pulp was chopped in a small volume of cold isolation medium during two or three consecutive periods of 3 to 5 min. After they were filtered through two layers of Miracloth and rinsed with isolation medium, the chloroplasts were collected by centrifugation for 10 min at 1,000g. The bundle sheath and mesophyll chloroplasts were washed once by resuspension in a 10-to 20-ml volume of the grinding medium and centrifuged for 10 min at 1,000g. Finally, they were resuspended in a small volume of this medium.
Microscopic examination revealed mainly intact chloroplasts in both preparations. However, the bundle sheath suspension always contained a fraction of smaller particles, probably fragments of chloroplasts and cell walls. We estimated this fraction to represent 20%1o of the Chl in the suspension. Compared to the darker green mesophyll or spinach chloroplasts, the bundle sheath chloroplasts looked pale green under the microscope, presumably because of their largely agranal structure (3) . Still another useful criterion for adequate separation is the higher Chl a/b ratio in the bundle sheath chloroplasts (3). For our samples, this ratio varied between 4.5 to 6, 3 3.4, and 2.8 to 3.2 in bundle sheath, mesophyll, and spinach chloroplasts, respectively.
Photochemical Characteristics and Activities. Chl fluorescence induction and light-induced absorption changes of P700 were measured using the techniques described previously (13, 21) . The content of P700 was calculated using an extinction coefficient of 64 mM-' cm-' (17 (12, 24) . In the experiments shown in Figures I and 2 (10) , the Mn + content of photosynthetic systems is proportional to the number of 02-evolv- Table II Measurements of Mn++ content, fluorescence induction and P700 absorption changes in chloroplasts prepared from spinach, corn mesophyll, or corn bundle sheath tissue. Mn2+/400 Chl) than in those prepared from spinach. These lower concentrations agree roughly with the lower rates and quantum yields of 02 evolution described above, especially in the case of mesophyll; in bundle sheath chloroplasts, the 02 rate tends to be somewhat lower than predicted on the basis of their Mn2+ content. We surmise (but cannot prove) that about one third of the PSII Mn2" is lost during the isolation of corn chloroplasts.
PSII Units Determined from Fluorescence Induction. The fluorescence yield and its kinetics provide a convenient indicator of the state of the electron acceptor pools of PSII (20) . In different preparations of bundle sheath chloroplasts, the ratio of variable to constant fluorescence, F,/Fo = (F. -Fo)/Fo, was between 2.3 and 1.1 versus ratios of 2.5 to 1.8 in mesophyll and spinach chloroplasts (see also ref. 6 ). The second line in Table II shows the half-times of the rise of the fluorescence yield effected by a weak blue light in (10-min) dark-adapted chloroplasts. A few seconds before the illumination, 10 uM DCMU was added to the samples. In this experiment, the fluorescence rise presumably reflected the photoreduction of Q, the primary electron acceptor of PSII, ie. only I equivalent/trapping center. The half-rise time was almost identical in three samples. Since the same light intensity and Chl concentration were used, and we may assume that the quantum yield of the photochemical reaction Q -Q-is invariant, these results (like those of Fig. 2B ) indicate that the number of antenna Chl/per Q (i.e. the size of the photosynthetic unit of PSII) is the same in the three samples.
In the absence of DCMU, the increase of the area above the fluorescence rise curve, observed after progressively longer dark periods, reflects the oxidation of two pools (A1, A2) of electron acceptors between the two photoacts. Figure 3 shows that, in bundle sheath chloroplasts after 40-sec dark, the area reflects a pool of about 5 equivalents; after 1 I-min dark, it reflects a pool of about 20 equivalents (assuming no loss of efficiency and that the area observed in the presence of DCMU represents one pool equivalent [e.g. 25] ). These pool sizes and restoration times are similar to those observed in mesophyll and spinach chloroplasts. In addition, in bundle sheath chloroplasts, the oxidation of the pool could be accelerated by far red light, although apparently less effectively than in the other types.
The third line in Table II shows the effect of Mg2+ ions on the variable fluorescence yield in the presence of DCMU in the three types of chloroplasts. The fluorescence yield was measured using a low salt suspension medium and following a 13-min incubation in the presence of 5 mM MgCl2. The resulting increase, expressed as the ratio F,(+Mg2+)/F, (-Mg2+), proved to be the same in the three types of chloroplasts.
This result bears on speculations in the literature concerning the possible differences between granal chloroplasts and agranal ones (such as occur in bundle sheath tissue). For instance, it has been proposed (5) that in agranal chloroplasts, spillover of photons from PSII to PSI is significant and invariant, while in granal chloroplasts it is variable and regulated (decreased) by Mg ions (so that the addition of Mg2l should cause an increase of the yield of the variable fluorescence, Fv, only in mesophyll material). Table  II fails to reveal a difference of this type. P700 Absorption Changes. Figure 4 shows some of the lightinduced absorption changes of P700 we have observed in the different materials. The phenomena observed in spinach chloroplasts (Fig. 4, top) have been described earlier (e.g. 21). In 720 nm light P700 (and all other intermediates between the photoacts) becomes oxidized; in dark, exogenous material in the suspension slowly reduces P700, which then is rapidly oxidized by the 720 nm beam.
In strong white light, components of the pool between the photoacts become reduced. Consequently (a) in subsequent dark, there is an immediate (msec) reduction of P700; and (b) in subsequent 720 nm light, the photooxidation of P700 is slowed down and shows a delay ("cap") because the other components in the chain are being photooxidized first.
In corn chloroplasts, the behavior of P700 is more or less the same as in spinach in darkness and in 720-nm light (heavy lines, Fig. 4, bottom) . However, the effects of white light proved to be quite variable. In extremo, as seen occasionally in bundle sheath preparations, the reduction of P700 in subsequent darkness could be slow (i.e. resolved by our 0.5-sec response time instrument) and no reduced pool components detectable. The various dashed lines in Figure 4 (bottom) show examples of this and intermediate behavior. In no instance did we find optimal kinetics as seen with spinach; we conclude that in corn chloroplasts, the interconnecting reaction chain is readily damaged during isolation. From other evidence (C. F. Fowler, personal communication), we surmise that additional sites may also be prone to damage.
Abundance of P700, Size of PSI Units. In measurements made with samples of equal Chl content (Fig. 4, full lines) of DCMU and ascorbate) or on the color or intensity of the actinic beam. The difference spectrum peaked at 700 nm in the three materials; the half-bandwidth tended to be greatest in the bundle sheath chloroplasts. The absolute Chl/P700 ratios given in Table  II indicate a 2-fold higher P700 content in bundle sheath chloroplasts. We thus confirm the original observations (3, 22) that bundle sheath tissue is significantly enriched in P700.
Earlier in this paper, we showed (Fig. lB) that the optimal cross-section of PSI was the same in the three tissues. This conclusion could be confirmed in experiments of the type shown in Figure 4 (full lines): after a (30-to 100-sec) dark period, the P700 in a (DCMU-containing) sample was largely reduced. In a subsequent light period, its photooxidation will proceed faster the more harvesting Chl there are in a pigment unit. As shown in Table II , line 5, the half-time of photooxidation proved to be the same in the three types of chloroplasts. This result implies that the size of the pigment unit of PSI is identical. Since the P700 absorption change in bundle sheath chloroplasts is twice as large as that in spinach and mesophyll chloroplasts, there must be twice PSI units of normal size in bundle sheath. This conclusion leads to quantitative difficulties: if, as we have assumed in spinach (and mesophyll), each ofthe two photosystems uses half of the pigment, it follows that all pigment in bundle sheath is devoted to PSI. This, however, would leave no room for any PSII-which is clearly in conflict with the reasonably high 02 evolution activity observed in this material (Table I and Fig. 1) . Because of the variable activity ofour preparations and the limited precision of the observations, there remains considerable leeway in the numbers, and a search for specific, novel interpretations does not seem to be warranted.
